Abstract
The wave attenuation capacity of vegetation varies throughout the year, because of seasonal 48 variations in above-ground biomass (Drake, 1976) . One of the factors that drive the variation 49 in biomass, is wave-induced stem breakage of the vegetation. This breakage process varies in 50 time due to seasonal differences in storm frequency and intensity, and a seasonal cycle in the 51 mechanical strength of the stems (Liffen et al., 2013) .
52
Depending on the geographical location, extreme conditions may occur in different seasons.
53
For instance, the Gulf coast of the USA is mainly affected by hurricanes from August to October, we aim to develop a method that predicts the relation between orbital velocity and biomass loss, 105 as a function of plant characteristics such as plant morphology (stem height and diameter) and 106 stem strength. We only consider biomass loss due to stem breakage. Uprooting may be another 107 relevant mechanism, but we did not observe this phenomenon in the field. However, it may be 108 relevant for different species, soil conditions or wave conditions (Liffen et al., 2013) .
109
This paper presents a model that predicts the wave load that plant stems can withstand 110 before they break or fold. The model compares bending stresses, induced by the orbital motion 111 under waves, with the flexural strength of stems. Plant stability is expressed in terms of a critical 112 orbital velocity, which combines plant morphology (stem height and diameter) and stem strength.
113
The flexural strength is determined based on three-point bending tests, which were conducted in Hellegat is located at the southern shore of the Western Scheldt, and is exposed to waves here. This marsh is more sheltered compared to Hellegat during north-westerly storms, due to 142 its orientation towards the south-west.
143
While the salt marsh at Bath is dominated by Scirpus, there are also some patches with
144
Spartina present (Fig. 2) . In September, both species are standing up straight to a large extent.
145
The difference in stem density is clearly visible. Especially for Scirpus, the start of the decay 146 of the plants in autumn is already visible. In the photo from January, almost all Scirpus has 147 disappeared, and only broken stems are remaining. In contrast, in the Spartina zone, there is 148 still a lot of biomass present, with a mix of standing and folded stems. 
Wave measurements

150
Wave attenuation was measured for Spartina at Hellegat, and for Scirpus at Bath. At both sites,
151
4 wave gauges (Ocean Sensor Systems, Inc., USA) were deployed over a total distance of 50 m,
152
measured from the marsh edge. One wave gauge (indicated by S1) was placed at 2.5 m in front of 153 the marsh edge. The other gauges were placed at 5 (S2), 15 (S3) and 50 m (S4) in the vegetation.
154
The pressure sensors on the gauges were mounted 10 cm from the bottom. The pressure was (Fig. 4) . The stem is considered to break or fold when it reaches this maximum bending 190 stress which is defined as the individual stem's flexural strength. This strength is determined for 191 the bottom 5-10 cm of the stems (5cm for Spartina and 10 cm for Scirpus), as this is the location
where the stems of both species normally break (see Fig. 2 and the information in Section 2.7).
193
The stem density was measured by counting the number of standing stems in 10 sample areas 
where M max is the maximum moment (Nm); y is the cross-sectional distance from the center 211 of the cross-section to the convex surface (m), and I is the area moment of inertia (m 4 ). The and area moment of inertia are quantified differently (Fig. 5) . Here, the stem diameter is indicated 216 as b v , and for vegetation with a hollow stem (Spartina), the inner diameter is represented as b v,in .
217
Formulas for M max , y and I ( has a hollow circular stem (top), whereas Scirpus maritimus has a solid triangular stem, which is assumed to be equilateral (bottom). Formulas for calculating y (cross-sectional distance from center to convex surface) and I (area moment of inertia) are based on the stem geometry.
and for the triangular stems of Scirpus as
Mean values and standard deviations for the different parameters are determined for the 221 sample locations close to the marsh edge and higher in the marsh separately. After that, the 222 average mean value and average standard deviation are computed, and presented in this paper.
223
This means that the presented standard deviations reflect the average in-sample variation, rather 224 than the inter-sample variation in vegetation properties. The amount of wave load acting on the stem is also quantified in terms of bending stress, in order 227 to be comparable to the flexural strength. In Fig. 6 
from standard structural mechanics (Gere and Goodno, 2013 
where C D is the bulk drag coefficient (-), ρ the density of water (kg/m 3 ), and u is the horizontal wave load are multiplied with an adjustable correction factor A c , to account for such processes.
259
The correction factors are calibrated for both species based on the amount of breakage in response 260 to wave action in the field. Stem leaning and bending will be implemented as a separate factor, 261 which will be discussed next.
262
Prior to calibrating the correction factor, the known but neglected process of stem leaning is forcing but also prevents the weakest point along the stem (susceptible to breaking) from being 267 directly exposed to strong wave forces. 
281
The resulting wave-induced stress in shallow water wave conditions for the hollow, circular 282 stems of Spartina is then expressed as
and in the solid triangular stems of Scirpus as
2.5 Definition of vegetation stability (7)) for Spartina and Scirpus, respectively.
289
By combining the equations (4) and (5), and including the leaning factor cos 2 θ and correction
290
factor A c , the critical orbital velocity for the circular stems of Spartina can be expressed as
A higher critical orbital velocity indicates that the stem is more stable at a given location.
293
Factors that contribute to stability are larger flexural strength (σ max ), smaller drag coefficient an actual amplitude of the horizontal orbital velocity in the canopy, which is described by linear 298 wave theory, based on water depth h, wave height H and wave period T via
where ω = 2π/T is the angular wave frequency (rad/s), z the distance from the water surface 
where E = (1/8)ρgH 
Here, it can be seen that vegetation parameters A Gaussian distribution is applied for h v and b v , whereas a log-normal distribution is used for 350 σ max (Fig. 11) . By choosing a log-normal distribution for σ max , a positive number is guaranteed 351 despite its large coefficient of variation (which is the ratio of standard deviation over mean value,
352
σ/µ). In case of a small variation, the log-normal distribution resembles the Gaussian distribu- 
where u is the orbital velocity at the marsh edge, halfway up the stem height (z = −h + h v /2), 
in which the parameters a, b and c are found by non-linear curve-fitting. This equation is fitted 397 through the (Re,C D ) combinations for all 15 minute periods.
398
The wave energy balance, Eq. (11), is used to determine a time-varying fraction of broken 399 stems f br , which leads to the best reproduction of the wave height reduction over the Hellegat ( Fig. 1) . Vegetation does not change in height or diameter anymore from September onward.
408
Therefore, the assumption is made that the vegetation in autumn consists of a mix of original 409 long stems with September properties, and broken short stems, with a time-varying ratio between 410 these two states.
411
The maximum wave height reduction occurs in summer, in June (Scirpus) or July (Spartina).
412
It is assumed that all stems are standing upright at that time (f br = 0), and the stem density Table 1,   417 and finally averaged over all sea states to obtain a robust value for each month.
418
A length of broken stems h v,br has to be specified to perform these computations. In December Therefore, h v,br = 0.10 m is chosen for Scirpus. For Spartina, such samples were not available,
422
but visual observations showed that this height is shorter than for Scirpus (see Fig 2) . Therefore, velocity u crit within the vegetation {7}, which is expressed in terms of a probability distribution.
447
Correlation coefficients between stem height, diameter and strength are included to obtain a 448 realistic distribution, as described before. The vegetation samples and three-point-bending tests 449 from September 2015 are used for this purpose, for the same reasons as explained in section 2.7.
450
The fraction of broken stems is equal to the fraction of stems for which u crit < u {8}. The drag 451 coefficient in the equations is based on the Reynolds number at the marsh edge, using Eq. (14).
452
The hydraulic conditions in the selected event are applied as boundary conditions in the wave 
where A is the cylindrical surface area over which the friction works, which is πb v (h v − h v,r ).
483
We schematize the forces acting on the vegetation as in Fig. 9 , with a reduced vegetation height, This results in an adaptation to the expression for the critical velocity, Eq (8), which reads 
498
From the considered plant species in this studies, the thinner and more flexible Spartina
499
(EI≈2000 Nmm 2 , see Table 3 ) comes closer to Elymus (EI≈300 Nmm 2 , see Rupprecht et al.
500
(2017)) than Scirpus (EI≈50,000 Nmm 2 , see Table 4 ). Therefore, we apply the value of A c that on three-point-bending tests. However, the flexural strength σ max (MPa) was not available.
504
Therefore, we have analyzed the original data from these bending tests, and found that the flexural strength was 40 ± 28 MPa (sample size: 18 stems).
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For each of the 18 sampled stems, the critical orbital velocity was computed using Eq. (16).
507
This leads to a mean value and standard deviation of the critical orbital velocity. For each flume 508 test, a mean and standard deviation of the measured orbital velocity is given in Rupprecht et al.
509
(2017). Based on these normal distributions, a mean value is determined for the highest 10% of 510 the orbital velocities (u 1/10 ). The computed fraction of broken stems f br is equal to the fraction 511 of stems for which the critical orbital velocity is lower than the actual orbital velocity u 1/10 .
512
These computed values are compared with the measurements of stem breakage.
513
3 Results
514
Seasonal variations in wave attenuation
515
The wave height reduction over the salt marsh varies over the seasons. A selection is made of 4 516 storm events that have occurred in summer and winter respectively, for which water depth and 517 wave conditions at the marsh edge were nearly identical ( Table 2 ). The ratio of wave height to 
528
Storm events such as in Table 2 do not occur in every month. Therefore, less energetic 
532
The highest wave attenuation by Spartina at Hellegat (Fig. 10a) (Fig. 10b) showed similar trends as that of Hellegat, but because of the smaller number of 
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Seasonal variations in vegetation characteristics
540
The vegetation characteristics demonstrate a seasonal dependence as can be seen in Tables 3 and   541 4. Only standing stems were sampled, regardless of the presence of broken or folded stems at 542 some points in time. In April, new shoots were measured, as can be seen from the relatively low stem height of 285
544
(Spartina) and 399 mm Scirpus. For both species, the diameter and height of the stems is larger 545 in September than in April. In November, the flexural strength is much higher than in September, 
565
The relatively high drag coefficient of Scirpus maritimus is related to the large frontal plant area The maximum wave height reduction occurs in summer, in July (Spartina) or June (Scirpus).
569
With the drag coefficient, stem height and stem diameter as known variables, the wave energy as indicated in the flow chart (Fig. 8) . 
Model calibration
579
The performance of the stem breakage model is optimized by calibrating the correction factor A c 580 for wave-induced bending stress in the Equations (8) Tables 3 and 4 , including the correlation coefficients.
584
The computed fraction of broken stems depends on A c (Fig. 14) . The stem density for A c =0 (no 585 breakage) represents the situation with a breakage fraction f br = 0, which is assumed to be in (Table 5) .
593
In general, Spartina (u crit =0.86 ± 0.28 m/s) is significantly (t-test, p=0.0003) more stable 594 than Scirpus (u crit =0.59 ± 0.22 m/s), which is also in agreement with visual observations, see related to the short stems, measured in these months (Table 3 ). In November, the plants are salt marsh with Spartina anglica (Fig 15) . Vegetation characteristics of September 2015 are 624 applied (Table 3 ). An arbitrary initial stem density of 1000 stems/m 2 is chosen. The bottom There is no wind input active, so only dissipative mechanisms play a role.
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630
Without vegetation, the processes of depth-induced wave breaking and bottom friction lead gradually decreases from 92% at the marsh edge to nearly 0% at 300 m and further landward.
640
The partially broken vegetation leads to wave energy reduction, and reduces the wave loads on 
Discussion
645
In this study, a model has been presented that determines the wave-induced forces that lead to wave properties, flexural rigidity EI and stem leaning.
691
• Finally, the correction factor A c also accounts for processes that are not explicitly included to determine whether these processes are influential.
696
The second category of assumptions that influence the model outcomes is related to the 697 calibration procedure.
698
• Seasonal variations in wave attenuation were used to estimate the corresponding variations 699 in the fraction of broken stems on the salt marshes, because in-situ vegetation measurements
700
were not sufficient to assess the response to wave forcing. This is why the effect (wave computed stem breakage leads to a decrease of A c (Fig. 14) .
714
• Wave energy dissipation by standing and broken stems is summed up to obtain a total 715 dissipation rate. This approach is based on the assumption that orbital velocities in the were not carried out. Therefore, for reasons of simplicity, the same drag coefficient was 727 applied for both fractions.
728
Validation of the calibrated model (A c = 1.7) was performed, using observations of stem gives two measurements of stem breakage: 45% after day 8 (test 14), and an additional 35% after 733 day 10 (test 15, 80% in total). Where the first measurement was reproduced with reasonable 734 accuracy (59%), the 80% of stem breakage after day 10 was not correctly reproduced (58%).
735
Modeled fractions are based on the mean value of the 10% highest orbital velocities (u 1/10 ).
736
This quantity does apparently not reflect the main differences between both tests.
737
A possible reason for the increase in breakage fraction is the long time span of 11 days over 738 which wave tests were performed. The mechanical properties of the canopy after several days 739 of testing may differ from the properties that were determined before the tests were performed.
740
Another aspect is the extremely high non-linearity of the waves in the tests on day 11, with 
749
The number of measurements of stem breakage is still very limited. (u crit =0.58 ± 0.13 m/s, September).
778
The critical orbital velocity as computed by the stem breakage model can be used for a first 
830
Spartina is relatively stable with a mean critical orbital velocity in the order of 0.5-1.2 m/s.
831
The stability of Scirpus is lower, because of its smaller strength, lower flexibility and longer stems, 
